We used an 8987-EST collection to construct a cDNA microarray system with various genomics information (full-length cDNA, expression profile, high accuracy genome sequence, phenotype, genetic map, and physical map) in rice. This array was used as a probe to hybridize target RNAs prepared from normally grown callus of rice and from callus treated for 6 hr or 3 days with the hormones abscisic acid (ABA) or gibberellin (GA). We identified 509 clones, including many clones that had never been annotated as ABAor GA-responsive. These genes included not only ABA-or GA-responsive genes but also genes responsive to other physiological conditions such as pathogen infection, heat shock, and metal ion stress. Comparison of ABA-and GA-responsive genes revealed antagonistic regulation for these genes by both hormones except for one defense-related gene, thionin. The gene for thionin was up-regulated by both hormone treatments for 3 days. The upstream regions of all the genes that were regulated by both hormones had cis-elements for ABA and GA response. We performed a clustering analysis of genes regulated by both hormones and various expression profiles that showed three notable clusters (seed tissues, low temperature and sugar starvation, and thionin-gene related). A comparison of the cis-elements for hormone response genes between rice and Arabidopsis thaliana, we identified cis-elements for dehydration-stress response or for expression of amylase gene as Arabidopsis gene-specific or rice gene-specific, respectively.
Introduction
The interaction between phytohormones, particularly between gibberellin (GA) and abscisic acid (ABA), is an important factor controlling the transition from embryogenesis to germination in seeds. The effects of these hormones are antagonistic, in that ABA promotes seed dor-mancy whereas GA promotes seed germination. Seed germination and seed dormancy are thus antithetical phenomena, much like the stopping and restarting of growth. The mechanism of seed dormancy is composed of a system of repression of gene expression, and the genes expressed mainly in seeds and flowers are commonly regulated by ABA and GA.
1,2 During germination of cereal grains, the embryo secretes GA to the aleurone layer, where it promotes the expression of several genes encoding hydrolytic enzymes. 3 Expression of genes for these enzymes is repressed by ABA during seed development, in dormant seeds, and in seedlings under unfavorable conditions. Cereals are excellent plants in which to explore the molecular mechanisms involved in hormonally regulated gene expression, particularly the antagonism between GA and ABA.
3 Reports of such explorations [1] [2] [3] have suggested the presence of cross-talk, but have investigated only part of the relationship between dormancy and germination in plants. One recent study showed that water stress markedly increased ABA accumulation in rice grains and substantially decreased grain GA content. 4 The results suggests that water stress also alters the hormonal balance in rice grains during grain filling.
Over the past 10 year, the Rice Genome Project in Japan has generated useful tools for plant research, such as a over 28,000 full-length cDNA, 5 a highly accurate genome sequence, 6,7 a high-density linkage map, 8 YAC-, PAC-, and BAC-based physical maps, 9 about 50,000 transposon insertion lines, 10 and an enormous collection of ESTs from large-scale cDNA sequencing using cDNA libraries derived from various tissues such as rice callus, root, shoot, leaf, and panicle.
11 Also, draft sequences of the Oryza sativa L. ssp. indica 12 and japonica 13 genomes by the whole-genome shotgun sequencing method have been published by Beijing Genome Institute and the Syngenta. The enormous collection of approximately 110K ESTs includes the approximately 60,000 ESTs in the Rice Genome Project that have been analyzed thus far; from these 60K ESTs, more than 9000 partial cDNA sequences corresponding to unique genes have been identified.
14 On the basis of the results of large-scale cDNA analysis, microarrays can be used to monitor gene expression profiles and to initiate functional analysis of the rice genome. 15 The use of plant microarrays has become common recently in rice, 15, 16 barley, 17 Arabidopsis, 18 maize, 19 and zinnia; 20 it has now become a standard investigative approach in plants and other organisms. 21, 22 We used these cDNAs from the RGP as probes to hybridize target RNAs prepared from normally grown callus and callus treated with hormones (ABA and GA). This report is the first step in the elucidation of the mechanisms of interaction between seed germination and dormancy.
Materials and Methods

Microarray construction
All cDNA clones were generated by large-scale cDNA analysis as part of the Rice Genome Project.
14 Details of all cDNA clones on microarray are described in Supporting text on the DNA Research web site, http://www.dnares.kazusa.or.jp/10/6/03/supporting text/support.html. λZAPII vectors were used for cDNA library construction. Inserted cDNA clones were amplified by PCR using M13 primers (TAKARA, Shiga, Japan); M4 (5 -GTTTTCCCAGTCACGAC) and RV (5 -CAGGAAACAGCTATGAC). Plasmid template (1-2 ng) was added to 50 µl of PCR mixture containing 0.2 mM of each nucleotide, 0.4 µM of each primer, 2.5 mM of Mg 2+ , and 1.25 units of Taq DNA polymerase (Perkin Elmer, Tsukuba, Japan). Inserts were amplified by PCR with 30 cycles of 94
• C for 1 min, 60
• C for 2 min, 72
• C for 2 min; an initial denaturation at 94
• C for 1 min; and final extension at 72
• C for 10 min. PCR products were purified on a QIAquick 96-column (QIAGEN, Tsukuba, Japan) and mixed with water and reagent D (Amersham Pharmacia, Tokyo, Japan) for microarray fabrication. In general, the total quantity of each PCR product was greater than 1 µg. The average size of full inserts in the cDNA clone was about 1000 bp. Electropherograms of amplified cDNAs can be viewed at http://cdna01.dna.affrc.go.jp/RMOS/ eidou pict/eidou pict.html.
A total of 8987 DNAs were printed on an aluminum-coated, DMSO-optimized glass slide (Type 7, 2.5 cm × 7.5 cm) in duplicate using an Array Spotter Generation III (Amersham Pharmacia) with 280 µm spacing between the center of each element. The spotter was maintained at 55% humidity. After spotting, the slides were dried for about 1 hr under the same conditions and exposed to UV for cross-linking.
Plant material and RNA preparation
The callus used for total RNA extraction was derived from the scutellum of the japonica rice variety Nipponbare and cultivated in Murashige and Skoog medium 23 containing 10 µM of 2,4-dichlorophenoxyacetic acid. Such callus maintains the ability to develop roots and leaves. After the calli had been cultured in the medium for 30 days, they were transferred to a medium containing the plant hormones ABA or GA and cultured for 6 hr or 3 days. The concentration of each plant hormone was adjusted to 50 µM. After culturing, we used an RNeasy Plant Mini Kit (QIAGEN) to extract total RNA from the hormone-treated calli and from the controls. Messenger RNA was isolated with an Oligotex-dt30 (Super) mRNA purification kit (TaKaRa, Shiga. Japan).
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Microarray experiments
See supporting text, which is published as supporting information of details of microarray experiments including labeled target preparation, microarray hybridization, data quantification and processing, data on expression profiling in rice callus treated with ABA and GA on the DNA Research web site, http://www.dnares.kazusa.or.jp/10/6/03/supporting text/support.html.
Quantitative real-time PCR
Two micrograms of messenger RNA from each callus was denatured at 65
• C for 5 min and then transferred to a bath at 37
• C and incubated for 5 min. At the same time, the first-strand reaction mix containing murine reverse transcriptase and d(T)18 primer (Amersham Pharmacia) was held at 37
• C for 5 min. The RNA solution was transferred to the first-strand reaction mix for synthesis of cDNA and incubated at 37
• C for 60 min. Specific primers for real-time PCR were designed to work under the same experimental conditions (95
• C for 10 min followed by 45 cycles of 95
• C for 1 min and 60
• C for 30 sec), generating products of about 200-250 bp at the 3 -untranslated region (3 UTR) of each cDNA clone. Genes encoding heat shock protein (AU062924) and polyubiquitin (AU108666, D22109) were tested as references for the hormonally treated and untreated samples. We chose poly-ubiquitin (AU108666) for the standard lines because it was amplified by PCR faster than the other 2 genes. Quantitative RT PCR was performed with iCycler (BioRad, Tsukuba, Japan) and Syber Green reagent (QIAGEN). For each reaction, standard lines for both the treated and untreated samples were made by 6 fivefold serial dilutions. The relative amounts of the target gene were calculated by comparison with standard lines of poly-ubiquitin (AU108666).
Determination of gene positions on rice chromo-
some and cis-element search Our microarray was constructed from full-inserted rice ESTs collected from the rice EST project. These sequences of EST clones were searched for in the rice full-length cDNA database, the Knowledgebased Oryza Molecular biological Encyclopedia (KOME; http://cdna01.dna.affrc.go.jp/cDNA/), 5 which includes a collection of 28,469 unique full-length cDNAs. Fulllength cDNAs corresponding to the EST clones on the microarray were obtained using the BLAST program (> e-10). Each of the EST clones on the microarray has the end sequence of the 3 or 5 terminus of the gene inserted in the cloning vector, with an accession number. We used the end sequence of only the 3 terminus to obtain full-length cDNAs corresponding to EST clones with the end sequences of both the 3 and 5 termini. Full-length cDNAs corresponding to EST clones with the end sequence of only the 3 or the 5 terminus were obtained by using the appropriate terminus sequence. After we had obtained full-length cDNAs corresponding to the ESTs, we determined the positions of these full-length cDNAs on the rice chromosome. All the mapping data of the 28,469 full-length cDNAs are available through KOME. The full-length cDNAs obtained were assigned to the rice (japonica cultivar) chromosome by using the BLAST program (identities: over 95; score: over 100) and the SIM4 program (for determination of position only).
After we had mapped the full-length cDNAs on the rice genome, we performed a cis-element search. From the 5 -end sequences of the corresponding fulllength cDNAs, the promoter sequences were obtained by comparison with the rice genomic sequences. We selected 1000 bp of genomic sequences upstream from the 5 terminus of each full-length cDNA clone by using genome sequences from the results of TIGR Rice Genome Project (http://www.tigr.org/tdb/ e2k1/osa1/BACmapping/description.shtml) including the information of INtegrated rice genome Explorer (INE: http://rgp.dna.affrc.go.jp/giot/INE.html) 24 and searched against about total 300 cis-elements known in plants using the PLACE cis-element database (http:// www.dna.affrc.go.jp/htdocs/PLACE/). 2.6. Cis-element search for genes of Arabidopsis thaliana and specification of cis-element for rice and Arabidopsis thaliana Arabidopsis thaliana (Arabidopsis) genes corresponding to the rice full-length cDNA obtained were searched by means of the KOME database. Arabidopsis full-length cDNA corresponding to Arabidopsis genes obtained were searched using the data from RIKEN Arabidopsis Genome Encyclopedia (RARGE: http://rarge.gsc.riken. go.jp/). From the 5 -end sequences of the full-length cDNA of Arabidopsis, the promoter sequences were obtained by comparison with the Arabidopsis genomic sequences using RARGE. We compared number of ciselements between genes that response to both hormones in rice and genes of Arabidopsis corresponding to both hormone-responsive genes of rice, and the types of ciselements of each species were characterized. For each of plant genes, we divided the total number of each type of cis-element in each species by the number of genes in each species. We then compared the numbers of each type of cis-element per gene between the two kinds of species.
Results
ABA and GA responsive genes in rice
All the genes selected based on changes in expression were contained in the area of median ± 2SD over in a normal distribution. The 96 and 94 genes se- 
3.2.
Responsive genes in callus treated with both GA and ABA To elucidate the interaction between ABA and GA, we selected 19 genes (6-hr and 3-day treatments, 4 and 15, respectively) regulated by both hormone treatments from the results of 6-hr and 3-day treatments (Supplemental Table 5 on the DNA Research web site, http://www.dnares.kazusa.or.jp/10/6/03/supporting text/support.html. Quantitative RT-PCR was used to confirm the changes in expression ratios of these genes and revealed a more than 1.5-fold change in the gene expression level. The results for standard lines of the control gene, poly-ubiquitin (AU108666), in the untreated samples were highly correlated with results in the treated sample (r = 0.999520).
Four genes (AU063650, D41439, C20180, AU075491) were up-regulated under the 6-hr treatment by both ABA and GA, as determined by microarray and quantitative RT-PCR. Under the 3-day treatment, 13 of 15 genes were identified as indicative of an antagonistic response between the two hormones (ABA up; GA down). Two genes were up-regulated by both hormones. Under the 6-hr treatment, the Osem gene (C20180), 26 the genes for LPT III lipid transfer protein (D41439) 27 and LMW heat-shock protein (AU063650), 28 and a gene with unknown function (AU075491) showed a non-antagonistic response to ABA (up) and GA (up). No genes having an antagonistic response between the two hormones (ABA down; GA up) were identified in our experiments. We speculated that the genes which were down-regulated by ABA and up-regulated by GA might not have altered gene expression levels under our experimental conditions or we may need to constructed a larger-scale microarray for more genome wide expression analysis. The genes for aldose-reductase-related protein (AU101007) 29 and embryo globulin 1 (AU063570) 2 showed antagonistic regulation by both hormones under 3d-treatment (ABA up; GA down). Genes for the LEA family members, RAB24 protein (C28576), water-stress-regulated gene (AU174486), 30 the Osem gene (C20180), 26 group 3 LEA protein (AU174470), 31 and hydrophobic LEA protein (C28696), were also antagonistically regulated by the hormones (ABA up; GA down). The Osem gene was upregulated by both hormones under 6-hr treatment and antagonistically regulated under 3-day treatment. The functions of genes for thionin (D39662, D41338), 32 glucose dehydrogenase (C19333), 33 and myo inositol phosphate synthase (AU174807) 34 were newly added as responsive to both ABA and GA. Four genes with no functional annotation (AU166971, C29020, C19796, C20014) were assigned functions as antagonistically responsive genes to ABA (up) and GA (down). Four 6-hr treatmentresponse genes and the 3-day treatment-response gene for thionin were up-regulated by both hormone treatments. Little is known about the genes up-regulated by both hormones.
Cis-element search for gene cross-talk between
ABA and GA responses We obtained 325 full-length cDNAs from all of 509 EST clones in Supplemental Tables 1, 2 , 3, and 4 on the DNA Research web site, http://www.dnares.kazusa.or.jp/10/6/03/supporting text/support.html, from our collection of approximately 30K full-length cDNAs. We carried out digital mapping using the method described in Materials and Methods for these 325 full-length cDNAs. We assigned these full-length cDNAs on the rice genome constructed by BAC contigs and searched cis-elements up to 1000 bp upstream of the cDNA from the 5 terminus of the rice genomic sequence. The cis-elements of 17 types of genes regulated by both hormones were investigated using the PLACE database. Supplemental Table 6 on our web site (http://cdna01. dna.affrc.go.jp/RMOS/publication en.html) shows all the cis-elements (146 types) that exist in the upstream regions of these 17 genes. Table 1 summarizes the results in Supplemental Table 6 of a cis-element search of 17 types of genes regulated by both hormones. These 17 genes were matched to full-length cDNA at over 94% identity (Supplemental Table 6 ). They do not perfectly match each full-length cDNA because of factors affecting the accuracy of the EST sequence data, such as the inclusion of the "N" sequence. These 17 full-length cDNAs were assigned to a single locus of the rice genome with the BLAST program. All these mapping data are available on KOME (http://cdna01.dna.affrc.go.jp/cDNA/).
The results showed that 5 genes reported to have antagonistic responses to both hormones -those for hydrophobic LEA protein, RAB24 protein, group 3 LEA protein, 31 aldose reductase, 29 and Osem 26 that were upregulated by ABA and down-regulated by GA in our experiments -have not only an ABA-responsive element that acts as a receptor for GA as a negative regulator and for ABA as a positive regulator, but also GA-, water stress response-, and storage protein-responsive elements in their 5 upstream regions. These results also show clearly that our search results were correct. Other genes that were up-regulated by ABA and downregulated by GA in our experiments, for myo-inositol phosphate synthase, 34 water stress regulated genes, 30 and glucose dehydrogenase 33 previously reported as responsive to ABA had not only ABA response elements that act as a receptor for GA as a negative regulator and for ABA as a positive regulator but also GA-, water stress response and possessed storage protein response elements in the 5 upstream regions.
The results of the cis-element search of genes upregulated by both hormones (genes for heat shock protein, thionin, and Osem) showed that they had cis-elements for ABA response (EBOXBNNAPA, RAV1AAT), 35, 36 storage protein (EBOXBNNAPA, SEF4MOTIFGM7S), 35, 37 GA response (DOFCOREZM), 38 water stress response (MYBCORE), 39 low temperature response (LTRECOREATCOR15), 40 and drought response (MYCATRD22). 41 In addition, the gene for the pathogen-related protein, thionin, had many more types of cis-element motifs than the other 18 ABA-and GAresponsive genes searched. The gene for thionin has ciselements for genes responsive to ABA (68 positions), GA (14 positions), disease resistance (4 positions), drought stress (6 positions), water stress (12 positions), storage protein (34 positions), and low temperature (2 position) in Table 7 .
The four genes with unknown function that were upregulated by ABA and down-regulated by GA in our experiments had not only ABA response elements that act as a receptor for GA as a negative regulator and for ABA as a positive regulator but also GA-, and storage protein-responsive elements. The presence of these elements might support the finding that these unknown genes function as ABA-and GA-response and as storage-protein genes. The gene with unknown function (AU031091) that was up-regulated by both hormones showed that they had cis-elements for ABA-, GA-, and storage protein-responsive genes.
Cluster analysis of genes responsive to both hormones with regard to various expression profiles
To detect similar expression profiles and other profiles of interest, we used 16 genes including 3-day treatment-response genes, for which there was crosstalk between the expression profiles in ABA-and GA-treated callus, in a hierarchical cluster analysis of 43 experimental details of rice expression profiles available in the Rice Expression Database (RED: http://red.dna.affrc.go.jp/RED/).
42 RED contains normalized expression data and basic graphical data derived from experiments on various RNAs hybridized to the Rice 8987 cDNA Array (over 600 experiments on genes in 26 physiological categories). A clustering analysis ( Fig. 1) was performed on 16 genes and 43 experiments that were selected from approximately 600 expression profiles in RED. All expression patterns were obtained from four ratio data. The dendrogram showed three notable clusters (Clusters 1, 2, and 3 in Fig. 1) .
Cluster 1 was composed of 5 genes (AU166971, C28576, C28696, AU174807, AU063570) from 6 experiments. These were newly detected as cross-talk genes responding to blast infection, heat shock, salt stress, and expression in endosperm tissue, seed pericarp, and seed coat of rice. Cluster 2 was composed of 10 genes from 3 experiments (C28576, AU174807, AU063570, C19333, AU174470, AU101007, C20419, AU174486, C20180, C29020). They had the same responses to ABA treatment, sugar starvation and lowtemperature treatment. Cross-talk between ABA treatment and low temperature 43 or sugar starvation 44 has already been reported. These reported cross-talks show that the hierarchical clustering was performed correctly. The clustering results showed that the expression profile obtained with ABA treatment in our experiments in Cluster 2 was similar to the profile produced by sugar starvation and was similar to that seen for seed coat in Cluster 1 (r = 0.854). These similarities might suggest that ABA treatment induces conditions close to those produced by sugar starvation at the molecular level in seeds. Cluster 3 was composed of 9 experiments on 1 gene (D41338), that for thionin of rice. Thionin was up-regulated in all 9 experiments, including in N 2 starvation, glucose starvation, acid treatment, and brassinosteroid treatment. Although we were unable to compose a cluster with regard to the expression profile (experiments; 2122 1 C0001 T0001) of rice callus when the TEIL (Tobacco Ethylene INsensitive 3-like) gene was introduced (arrow 1 in Fig. 1 ), the expression profile was similar to that seen with GA treatment (r = 0.855, experiments; 1000 1 C0201 T0201). As expected, the expression pattern (arrow 2 in Fig. 1 , experiments 2116 2 C0001 T0003) of rice seedlings treated with Uniconazole P (Sumitomo Chemical, Tokyo, Japan), an inhibitor of GA synthesis, was similar to that seen with ABA treatment (r = 0.854, experiments; 1000 2 C0201 T0201) and opposite to that in our GA experiments (r = 0.256). We also performed hierarchical clustering of the cross-talk genes that responded to the 6-hr treatment with ABA and GA. However, these genes did not noticeably cluster towards any particular expression profile in RED (data not shown).
Specification of cis-elements of rice and
Arabidopsis genes To characterize of mechanism for transcriptional regulation of the hormone-response system in rice, we analyzed cis-elements for genes of Arabidopsis corresponding to rice genes that respond to both hormones, and Table 7 . The results of comparison between the 14 genes responding to both hormones in rice and the 14 genes of Arabidopsis corresponding to these genes in rice are summarized in Table 2 . In all detected cis-elements, we selected ciselements for the determination of specific elements in each species that were present in at least two genes in either species, and specific elements were more than ±twofold in the ratio of rice : Arabidopsis. Also, we selected cis-elements for determination of common elements in both species that were present in at least 1 gene in both species. Five kinds of cis-element for dehydration-stress response (ACGTATERD1, MYB1AT, DRECRTCOREAT, ABRELATERD1, MYCCONSEN-SUSAT) were specified as elements in Arabidopsis (italic character of "cis-element" column in Table 2 ). These five kinds of elements were not present in rice. The six kinds of cis-element for light response were specified as elements in Arabidopsis rather than in rice.
Arabidopsis has a twice as many differences as found in the number of these six kinds of cis-elements of rice.
The results might suggest differences in the mechanism of light response between the two species. In rice, elements for stress response, MYB2AT (water stress), MYCATRD22 (dehydration stress) and LTREATLTI78 (low temperature), were rich in the upstream regions of genes than Arabidopsis. The cis-elements for expression of amylase gene (CGACGOSAMY3) was found in rice. The number of cis-elements for protein storage was remarkably rich in both species (2SSEEDPROT-BANAPA, AACACOREOSGLUB1, CANBNNAPA and SEF3MOTIFGM in Arabidopsis, ACGTOSGLUB1 and RYREPEATLEGUMINBOX in rice). Arabidopsis has a greater variety elements for protein storage than does rice. The cis-element of ABREOSRAB21 that was founded as an ABA-responsive element of wheat Em and rice rab21 genes was specified as elements in rice genes (see "rice specific" of "Specific or common" column in Table 2 ).
Discussion
We performed microarray experiments using callus tissue treated with phytohormones. Genes for embryogenesis, germination, seed dormancy, and grain filling were included among those with altered expression levels in calli treated with these hormones. We suggest that treatment of callus with ABA or GA demonstrates the dormancy and germination of seed. The fact that the experiments identified many already known ABA-and GA-responsive genes in other tissues confirms that callus tissue can be used to elucidate the mechanisms of germination and dormancy.
The results of these experiments (GA 6-hr treatment, GA 3-day, ABA 6-hr, ABA 3-day) included genes responsive to various physiological events in addition to the ABA or GA response. In particular, many PR protein genes were responsive to ABA and GA treatment for 6-hr and 3-day periods. In the ABA response of callus, we detected PR protein genes such as those for pathogen-related thaumatin-like protein (6-hr treatment), chitinase IIb (6-hr), endochitinase (6-hr), class III chitinase (6-hr), thionin (3-day), and PBZ-1 (both). In the GA response of callus, we also detected genes such as those for pathogen-related thaumatin-like protein (6-hr), class III chitinase (6-hr), phenylalanine ammonialyase (3-day), and thionin (3-day). These results suggest that the ABA and GA response pathways have crosstalk with the pathogen-related pathway in rice callus. Jasmonic acid and salicylic acid reportedly function in defense against pathogen infection in plants. 45, 46 However, ABA and GA have not been reported to be related to pathogen infection.
Metallothionein was down-regulated by 6-hr and 3-day GA treatments. This result suggests that the rice cell may have to down-regulate metallothionein during GA treatment for activation of metal-sensitive protease, a gene which is modulated by the presence of metal cations during seed germination. 47 However, under ABA treatment the expression ratio of metallothionein did not change with 3-day treatment, although it was down-regulated by 6-hr treatment (Supplemental Table 1 on the DNA Research web site, http://www.dnares.kazusa.or.jp/10/6/03/supporting text/support.html). We can guess that the rice cell begins to accumulate products of the gene with ABA accumulation, as reported for developing pollen of wheat. 48 In addition, the results of a cis-element search showing that the upstream sequence of this gene has ABA (EBOXBNNAPA) 35 and GA (DOFCOREZM) 38 response elements (data not shown) support the hypothesis that the gene is closely related not only to metal stress response but also to ABA and GA response. The results of a phenotype search using the Tos17 mutant panel database (Tos17; http://tos.nias.affrc.go.jp) showed that breaking the gene for metallothionein (AU055773) by Tos17 insertional mutagenesis gave a dwarf phenotype, which is a result of changes in GA metabolism (result number ND9040-0-104-1A in the Tos17 database). Full-length cDNA (AK058313) corresponding to (identity = 98%) the gene for metallothionein (AU055773) was a perfect match (identity = 100%) to chromosome 1 (BAC clone: AP003197, 74,385-75,589 bp) of the rice genome (japonica cultivar). To search the mutant line in the Tos17 database, users are required to register at the Tos17 web site. The Tos17 database is password pro- tected. However, every user can receive passwords to access the database once registered. Registration and password protection facilitates efficient user support and feedback management, while maintaining a high level of security. Many heat shock proteins were induced by the ABA and GA treatments. In addition, alpha-amylase was not expressed in GA treatment for 6-hr. It has been reported that the synthesis of alpha-amylase, one of the key enzymes in seed germination, is suppressed during germination, but heat-shock proteins are induced.
49,50
Also alpha-amylase is expressed after the expression of GAmyb in GA treatment. 51 In our results, expression of the gene for alpha-amylase did not change with GA treatment for 6-hr and the genes for heat shock protein (AU162323, AU173046, D24882, C26730, AU069978, D40879, AU063648, AU063650, C93575) were up-regulated by the treatments (Supplemental Table 3 on the DNA Research web site, http://www.dnares.kazusa.or.jp/10/6/03/supporting text/support.html).
During germination of cereal seeds, alpha-amylase plays a critical role in providing the growing seedling with metabolizable carbohydrates. In rice, at least 10 genes encode for alpha-amylase isoforms; 2 of them are strongly under the control of the sugar level, namely RAmy3D and RAmy3E, 52, 53 although the GA-inducible RAmy1A gene is also modulated by sugars. 54 The alpha-amylase genes display tissue-specific expression in which genes RAmy3B, RAmy3C, and RAmy3E are preferentially expressed in the aleurone layer, genes RAmy1A, RAmy1B, and RAmy3D are expressed in both the embryo and aleurone, and genes RAmy3A and RAmy2A are not expressed in either tissue. 55 The full-length cDNA of AK073487 and AK103413 corresponding to the clones for the Ramy3D and Ramy3E genes that were spotted on our microarray were assigned to BAC clone AP004162 of chromosome 8 (3D: 83,215-85,200 bp; 3E: 77,092-78,997 bp). However, the clone for Ramy1A did not exist on our microarray. In microarray experiments using RNA of rice callus after GA treatment for 12 hr, the expression of the alpha-amylase 3D and 3E genes was found to be upregulated, but the expression of heat-shock protein was unchanged (data not shown). These results show that alpha-amylase 3D and 3E genes with the Dof motif for response to GA were up-regulated temporarily in response to the GA treatment for 12 hr. We suggest that alphaamylase is precisely and temporarily up-regulated by GA during germination after the expression of GAmyb.
The 3 -end sequences (AU174487 and AU172698) of two genes in the results of our ABA treatment for 3 days match perfectly those of a water stress-regulated gene and a gene for glucose dehydrogenase. Full-length cDNA (AK073837 and AK110652) corresponding to these were assigned to a single loci on rice chromosomes 1 and 5. The up-regulation of these genes in the experiments contrasted with other reports. 30, 33 We suggest that this difference occurred because of differences in the concentrations of hormone and treatment times. In one study, 30 water stress regulated gene was not modulated by 10 µM ABA treatment for 1 hr in seedlings. In our expression profile, this gene was up-regulated by 50 µM ABA for 6 hr or 3 days and was down-regulated by 50 µM GA for 3 days. The gene for glucose dehydrogenase, whose expression ratio was reportedly unchanged by treatment with 0.1 µM ABA in the barley embryo, 33 was modulated under our conditions. The 5 upstream sequences of both genes included several cis-elements for the ABA response, a finding that supports the results of our microarray analysis (Table 1 ).
The number of response genes (only 4) with cross-talk expression between ABA and GA treatments for 6 hr is smaller than the 16 with cross-talk expression between ABA and GA treatments for 3 days. These results suggest that these genes expressed under 6-hr treatment play a role in signal transduction rather than in directly promoting germination and dormancy. In contrast, because the cross-talk genes expressed under 3-day treatment responded antagonistically to the two hormones, as shown in our results and various reports, 1-3 we suggest that cross-talk genes expressed as a late response are directly concerned with germination and dormancy.
In our clustering, we newly detected not only similarity among seed tissues and callus under hormone treatment, but also a new function of thionin. We suggest that the up-regulation of the gene for thionin in over 10 types of physiological responses demonstrates that this protein functions under various conditions and is not just related to the pathogen response.
The upstream sequence of cross-talk genes that were up-regulated by ABA and down-regulated by GA in our experiments includes not only ABA-response elements that act as a receptor for GA as a negative regulator and for ABA as a positive regulator but also other ciselements, such as those for GA-, drought stress-, water stress, low temperature stress-, and pathogen-response. Also, the upstream sequence of cross-talk genes that were up-regulated by both hormones includes not only ABAand GA-response elements but also other cis-elements, such as those for drought stress-, water stress-, low temperature stress-, and pathogen-response. The existence of cross-talk among ABA, GA, and pathogen-response pathways in our expression profiles may be supported by the existence of WBOXATNPR1 elements, which were detected in the 12 cross-talk genes (Table 1) expressed under 6-hr or 3-day treatment with both hormones, along with the existence of many PR genes such as thionin and class III chitinase.
Full-length cDNA (AK062831) corresponding to clones of the thionin gene that were spotted on our microarray was assigned to BAC clone AP005932 of chromosome 8 (45, ,064 bp). The upstream region of the thionin gene on the rice genome has many kinds of ciselements, such as those related to drought stress and water stress, low temperature stress, ABA response, GA response, protein storage, and pathogen response. The results of our cis-element search suggest that thionin is an assistant gene rather than a gene directly linked with the ABA and GA response. They also suggest that the thionin gene functions in defense against various stresses, including germination and dormancy, rather than in disease resistance alone. However, other stressresponse or pathogen-related genes (class III chitinase, metallothionein-like protein, and LMW heat-shock protein) do not have a variety of cis-elements, and the variety of factors to which they respond may be smaller than for thionin. We had assumed that genes directly linked to physiological phenomena would have very specific types and small numbers of cis-elements. From the results of the cis-element search, it is possible that the number and type of cis-elements may have a close relationship to the gene expression volume, intensity, and timing.
In a comparison of cis-elements between genes for two hormone response in rice and genes of Arabidopsis corresponding to genes for two hormone responses in rice, three kinds of ABA-responsive elements (RAV1AAT, DPBFCOREDCDC3, ACGTABRE-MOTIFA2OSEM) and one GA-responsive cis-elements were found to be conserved between rice and Arabidopsis (see "Common" of "Specific or common" column in Table 2 ). We suggest that both plants might respond to ABA or GA using conservative elements for ABA or GA response ("Common" of "Specific or common" column in Table 2 ). Cis-elements for stress response (heat shock, low temperature) were found to be conserved between rice and Arabidopsis (see "Common" of "Specific or common" column in Table 2 ). We suggested that these two species might utilized common cis-elements for heat shock-and low temperature-stress responses. Rice has specific cis-elements for dehydration stress (MYCA-TRD22), water stress (MYB2AT) and low temperature (LTREATLTI78), in addition to common cis-elements for stress response. Although the cis-element, MYBCORE, for water stress response includes both species as common cis-elements in Table 2 , the number of elements for rice was 1.8-fold larger than for Arabidopsis. The results suggest that rice might have a different pathway for the water stress response from that of Arabidopsis. Also, we speculate that Arabidopsis has a unique system for the response to dehydration stress, because cis-elements for the dehydration-stress response were specified as elements in only Arabidopsis. The difference in the number of ciselements for amylase gene between the two plants might suggests that the regulatory mechanism for the gene expression in the rice (crop) plant is more efficient than that of Arabidopsis. These specificities of each species might be derived from differences in the growth environments (water-and dehydration-environments) and of their physical organization, especially seed tissue.
The analysis of these data was performed by using rice functional genomics tools on National Institute of Agrobiological Sciences (http://www.nias.affrc.go.jp/ index e.html). We plan to perform more comprehensive expression profiling to elucidate the mechanism of germination and dormancy by using a large-scale oligonucleotide array (approximately 22K transcriptional units) and time-course experiments.
